A simple and effective synthesis of spinochrome D (1) (2,3,5,6,8-pentahydroxy-1,4-naphthoquinone), a pigment of different sea urchin species, has been developed starting from 2,3-dichloro-5,8-dihydroxy-1,4-naphthoquinone (13), easily available by cycloacylation of 1,4-dimethoxybenzene (11) with dichloromaleic anhydride (12). Bromination of 13 with either bromine or dioxane dibromide to 6-bromo-2,3-dichloro-5,8-dihydroxy-1,4-naphthoquinone (21), followed by nucleophilic substitution of the halogen atoms by methoxy groups in 21 and hydrolysis of trimethyl ether 10 produce the target compound in overall yield from 62 to 65%.
2,3,5,6,8-Pentahydroxy-1,4-naphthoquinone (1) (spinochrome D) is one of the six most widely distributed naphthoquinonoid pigments produced by sea urchins of different species [1] . On the basis of one such pigment, 7-ethyl-2,3,5,6,8-pentahydroxy-1,4-naphthoquinone (echinochrome A), a new drug Histochrome ® was created. In Russia it has been recommended for clinical application in cardiology (for treating acute infarction of the myocardium and ischemic disease of the heart) and ophthalmology (for treating proliferative processes, degeneracy, cataract, and ophthalmic hemorrhage of various genesis) [2] . Like echinochrome A, spinochrome D possesses high antioxidant [3] [4] [5] [6] [7] , hepatoprotective [8] and antiallergic activities [9] . Spinochrome D can also be applied as a convenient building block for the synthesis of more complex sea urchin pigments such as echinochrome A, 2-acetyl-3,5,6,7,8-pentahydroxy-1,4naphthoquinone (spinochrome C) [1] and 2,2'-(ethane-1,1diyl)bis(3,5,6,7,8-pentahydroxy-1,4-naphthoquinone) [10] . Unfortunately, a low content of spinochrome D in the sea urchins (0.001-0.003%, w/dry w) strongly limits the possibilities of its practical application. Therefore, the synthesis of this pigment is of paramount importance.
The main objective of our work was to elaborate a simple and effective method for producing spinochrome D on a preparative scale from the available starting materials.
Two syntheses of spinochrome D described by Thomson and Scheuer are of no interest for practical use. In the former case the starting compound was 4-(2-hydroxy-3,4-dimethoxyphenyl)butyric acid, obtained in three steps from 1,2,3-trimethoxybenzene. The cyclic skeleton of the target compound was constructed by oxidation of 5,6,7,8-tetramethoxy-1-tetralone, a key intermediate in this synthesis, with oxygen in the presence of t-BuOK. The total yield of spinochrome D was less than 5% in 12 steps [11] .
In the second approach [12, 13] , the naphthazarin skeleton of the target compound was made by condensing 1,2-dihydroxy-3,4dimethoxybenzene (2) with chloromaleic anhydride (3) in an AlCl 3 -NaCl melt at 180-190C (Scheme 1). This reaction gave a 50% yield of a mixture of three products 4-6 in the molar proportion 1:2:1, respectively. The authors suggested that the formation of compounds 4 and 6 is the result of disproportionation of two molecules of target compound 5. After treating this mixture with diazomethane, the desired 6-chloro-2,3-dimethoxynaphthazarin (8) was separated by preparative TLC on silica gel. Nucleophilic substitution of chlorine in 8 by a methoxy group, followed by acid hydrolysis of triether 10 afforded spinochrome D (1). The total yield of 1 was less than 8% in 4 steps. It is pertinent to note that the starting substrate 2 is not commercially available and its synthesis from 1,2,3-trimethoxybenzene includes 3 steps.
In the synthesis under discussion, the stage of nucleophilic substitution of chlorine by a methoxy group in intermediate 8 is totally unsuited for preparative use because a huge excess of MeONa is required: 300 mL (1172 mmol) of saturated NaOMe solution in MeOH on 30 mg (0.105 mmol) of substrate.
Recently we described the effective synthesis of spinochrome D starting from the known 2,3-dichloronaphthazarin (13) [14] (Scheme 2). Now we report a shorter and more effective synthesis of spinochrome D from commercially available materials.
OH
Our approach to the synthesis of 1 was founded on the use of trihalogen substituted naphthazarin as the key intermediate feasible for obtaining the trimethyl ether of spinochrome D (10) through nucleophilic substitution of all halogen atoms by methoxy groups. The initial efforts were focused on the application of the known trichloronaphthazarin (19) (Scheme 3).
Previously, this compound was obtained by cycloacylation of chlorohydroquinone (18) with dichloromaleic anhydride (12) under rigid conditions (220C, 5 min) in 39% yield [16] [17] [18] [19] . We revealed that the highest yield of 19 (61%) could result from the reaction of diether 18 (1 mol) with 12 (2 mol) in the melt of anhydrous AlCl 3 (64 mol) and dry NaCl (32 mol) at 180-185C for 10 min [20] . Unfortunately, under these conditions a mixture of compounds 13 (yield of 9%), 20 (1%), and 22 (2.5%) was produced, in addition to desired compound 19. We showed that the formation of 13 and 20 was a result of partial disproportionation of two molecules of substrate 18 that led to the appearance of a mixture of hydroquinone and 2,3-dichlorohydroquinone in the reaction media. Anhydride 12 then reacts with these substrates to form 13 and 20, respectively. At the same time, trichloronaphthazarin 19 was not subjected to disproportionation under the conditions of this reaction. The necessity of chromatographic resolution of a mixture of products 13, 19, 20, and 22 makes the preparation of 19 via this way more complicated.
To preclude these difficulties, we studied another route to trihalogen substituted naphthazarin involving conversion of 2,3dichloronaphthazarin (13) to 6-bromo-2,3-dichloronaphthazarin.
In contrast to the known procedure [21] , the cycloacylation of diether 11 with anhydride 12 was carried out at 175-180C for 3 min, but not at 170C (1-2 min). The work-up of the reaction mixture was also partially changed. All this allowed 13 to be obtained in constantly high yield (92-95%) [14] .
The treatment of 13 with either Br 2 in CCl 4 or dioxane dibromide in diethyl ether at room temperature for 2-8 h produced the desired 6bromo-2,3-dichloronaphthazarin (21) in 91-95% yield.
A total substitution of chlorine atoms in 19 with methoxy groups took place to give triether 10 in 69% yield, when the substrate was treated with a CsF -MeOH -Al 2 O 3 system of reagents according to the procedure described in [15] . Under these conditions, a mixture of diethers 16 (8%) and 17 (11%) was also isolated. For comparison, the treatment of this substrate with MeONa in MeOH under the conditions described in [13] produced 10 in 7% yield [19] .
The employment of MeOH-CsF-Al 2 O 3 for nucleophilic substitution of all halogen atoms in substrate 21 gave a mixture of triether 10 (82% yield) and diethers 16 (4%) and 17 (6%). A short treatment of 10 with conc. hydrobromic acid under reflux provided the target compound 1 in 88% yield.
By this means, a four-step sequence of reactions 11→13→21→10→1 led to the formation of spinochrome D (1) in overall yield from 62 to 65%. The total yield of 1 increased to 66-69% if it were evaluated for a three-step sequence of reactions 13→21→10→1. The newly developed synthesis is scalable and versatile to provide spinochrome D in gram quantities.
Experimental
General: Melting points were determined on a Boetius hot-stage apparatus and were not corrected. IR spectra were recorded on a Bruker Equinox 55 spectrophotometer. 1 
Bromination of 2,3-dichloro-5,8-dihydroxy-1,4-naphthoquinone (13) with bromine:
To a stirred solution of 13 (2.59 g, 10.0 mmol) in CCl 4 (100 mL), a solution of Br 2 (0.52 mL, 10.0 mmol) in CCl 4 (15 mL) was added dropwise for 5 min and the reaction mixture was stirred at room temperature for 2 h. The solvent was evaporated in vacuo, the residue was dissolved in ethanol (40 mL) and heated under reflux for 5 min. Evaporation of the solution in vacuo gave 6bromo-2,3-dichloro-5,8-dihydroxy-1,4-naphthoquinone (21) Bromination of 2,3-dichloro-5,8-dihydroxy-1,4 
-naphthoquinone (13) with dioxane dibromide:
A solution of 13 (2.59 g, 10.0 mmol) and dioxane dibromide (2.48 g, 10.0 mmol) in diethyl ether (100 mL) was stirred at room temperature for 8 h. The reaction mixture was washed with 10% Na 2 S 2 O 3 ·5H 2 O (325 mL), then with water (325 mL), and dried over Na 2 SO 4 . After evaporating the solvent, 6-bromo-2,3-dichloro-5,8-dihydroxy-1,4-naphthoquinone (21) (0.322 g, 95%) was obtained as vinous needles identical in every respect to the above-mentioned.
Nucleophilic substitution of chlorine atoms for methoxy groups in 2,3,6-trichloro-5,8-dihydroxy-1,4-naphthoquinone (19):
A mixture of well-dried substrate 19 (1.47 g, 5.0 mmol), anhydrous CsF (3.80 g, 25.0 mmol), activated neutral Al 2 O 3 (4.46 g, 43.75 mmol, 150 mesh, Aldrich), and absolute MeOH (200 mL) was stirred in a closed vessel at 95С for 32 h. After being cooled, the adsorbent was separated by filtration and washed successively with acetone (100 mL) and 10% HCl (3 mL). The combined filtrate was concentrated in vacuo, the residue diluted with water (200 mL) and extracted with CHCl 3 (3  50 mL). The organic layer was washed successively with water (3  20 mL) and brine (20 mL), dried (Na 2 SO 4 ), filtered, and evaporated to dryness. The residue was purified by flash-chromatography on a silica gel column (2.5  80 cm) pre packed in n-hexane. Elution of the column with n-hexaneacetone 6-bromo-2,3-dichloro-5,8-dihydroxy-1,4-naphthoquinone (21) : A mixture of well-dried substrate 21 (1.69 g, 5.0 mmol), anhydrous CsF (3.80 g, 25.0 mmol), activated neutral Al 2 O 3 (4.46 g, 43.75 mmol, 150 mesh, Aldrich), and absolute MeOH (200 mL) was stirred in a closed vessel at 95С for 24 h. Treatment of the reaction mixture as described above gave a residue which was purified by flash-chromatography on a silica gel column. Elution of the column with n-hexane -acetone = 12:1 (v/v) gave diether 17 (0.086 g, 6%) identical in all respects with that described above. Elution of the column with n-hexane -acetone = 10:1 (v/v) gave diether 16 (0.057 g, 4%), identical in all respects with that described above. Elution of the column with n-hexane -acetone = 5:1 (v/v) gave triether 10 (1.148 g, 82%), identical in all respects with that described above.
Nucleophilic substitution of halogen atoms for methoxy groups in

Conversion of 5,8-dihydroxy-2,3,6-trimethoxy-1,4-naphthoquinone (10) to spinochrome D (1):
A mixture of triether 10 (1.12 g, 4.0 mmol) and conc. hydrobromic acid (48%, 150 mL) was heated under reflux for 30 min and cooled to room temperature. The solution obtained was diluted with water (200 mL) and left overnight at 5С. The precipitate was filtered, washed with water (4 10 mL), and dried. As a result, 0.838 g (88%) of 2,3,5,6,8pentahydroxy-1,4-naphthoquinone (1) (spinochrome D) was obtained as red-brown needles. MP: sublimated without melting at 282-288°С (lit. [11] subl. 285-290С; [12, 13] subl. 280-290С). Rf: 0.30 (system B). 1 
